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ABSTRACT 

The ef fec t  of elevated i n i t i a l  temperature on the c r i t i c a l  boundary veloci ty  
gradient f o r  the flashback of laminar and turbulent flanes has been measured f o r  
flames of hydrogen and ethylene with air  and propane and ethylene with mixtures of 
50 percent oxygen and,50 percent  nitrogen by volume. For each fuel-oxidant system 
measurements have been made a t  a s ingle  equivalence r a t i o  c lose  t o  t h a t  giving the 
maximum gradient.  For each system the  dependence of the c r i t i c a l  boundary veloci ty  
gradient on i n i t i a l  temperature is  t h e  same f o r  laninar  and turbulent  conditions. 
This is  consis tent  with the  concept tlat a turbulent burner flame near  flashbbzck i s  
s t a b i l i z e d  i n  a near-laminar port ion of the boundary layer .  Tne extent  of varia- 
t i o n  of t h e  c r i t i c a l  gradient  with i n i t i a l  temperature d i f f e r s  roarkedly anong the  
several  systems studied. 
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SUMMARY 

The e f f e c t  of e leva ted  i n i t i a l  temperature on t h e  c r i t i c a l  boundary velocity 
gradient f o r  the f lashback of laminar and turbulent  flames has been measured fo r  
flames of  hydrogen and ethylene with a i r  and propane and ethylene with mixtures of I 
50 percent oxygen and 50 percent  nitrogen by volume. For each fuel-oxidant system 
measurements have been made a t  a s ingle  equivalence r a t i o  c lose t o  that giving the I 

maximum gradient. For each system the dependence of the c r i t i c a l  boundary ve loc i ty  
gradient on i n i t i a l  temperature is  the same f o r  laminar and turbulent  conditions. 
This i s  cons is ten t  with t h e  concept t h a t  a turbulent  burner flame near flashback i s  
s t a b i l i z e d  i n  a near-laminar port ion of the boundary layer. The extent of var ia-  
t i o n  of t h e  c r i t i c a l  gradient  with i n i t i a l  temperature differs markedly among t h e  
several  systems s tudied.  

INTRODUCTION 
I 

. Several s tud ies  have recent ly  been reported of the e f f e c t  of elevated temper- 
ature on t h e  flashback of burner flames. 
SetzerZ s tudied f lashback under the condition t h a t  only the  burner U p  was heated, 
t h e  gas stream being approximately a t  room temperature. 
Dugger4, on the  o ther  hand, maintained nearly the same temperature f o r  both t h e  gas 
stream and burner l ip.  By t h i s  latter technique flashback data could be t rea ted  by 
a symple c r i t i c a l  boundary veloci ty  gradient which d i d  not  involve a transverse 
temperature gradient. 

Bollinger and Edsel and Miller and 

Grumer and Harris3 and 

The purpose of t h e  present  study i s  t o  extend t h e  measurements of Grumer and 
Harris and of Dugger on laminar hydrocarbon-air flames t o  chemically re la ted  sys- 
tems of higher r e a c t i v i t y  and, systematically,  t o  the  turbulent  regime. Measure- 
ments are reported over  a temperature range from about 300° t o  660° K and a pres- 
sure  range from 0.1 t o  1.0 atmospheres corresponding t o  Reynolds numbers from 300 ' 
t o  5000. hydrogen-air, ethylene-air and propane 
and ethylene with mixtures of 50 percent oxygen and 50 percent nitrogen by volume. 
Measurements a t  e levated temperatures have beenomade with a single  burner a t  a 
s ing le  equivalence r a t i o  f o r  each system. A l l  data reported a t  room temperature, 
however, were obtained with several  burners of  d i f f e r e n t  diameters. 

Four systems have been studied: 

1. Bollinger, L. and Edse, X.: 

2. Miller,  E. and Setzer,  H. J.: 

Ind. and Eng. Chem. Vol. 48, no. 4 (19561, 
pp. 802-807. 

Sixth Symposium ( In te rna t iona l )  On Combus- 
t i o n .  P. 164. Reinhold Publishina Co., New York. (1957). 

3 .  Grumer, J. and Harris, M.:- Ind: and Eng.'Chem.,.Vol. 46, no. 11 (19541, 

4. Dugger, G.: Ind. ELUC Eng. Chem., 6s;. &7, pp. 109-113, (1955). 

' 

pp. 2424-2431. 
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EXPERII4ZNWL 

Materials. - Tank hydrogen (99 percent H2) and propane and ethylene of C .?. 
grade were used as f u e l s .  Tank compressed a i r  and a prepared mixture, 50 percznt 
oxygen and 50 percent nitrogen by volume were used as oxidants. A l l  mater ia ls  were 
used without f u r t h e r  pur i f ica t ion .  

Apparatus. - The low-pressure combustion chamber and the gas meteri g system, 
based on c r i t i c a l  flow o r i f i c e s ,  have been described i n  d e t a i l  elsewhere . The 
burner was a straight brass  tube which bad a lenght of about 125 cm, an ins ide  d i -  
ameter of 1.016 cm and a wall thickness of about 0.16 cm. It was f i t t e d  t o  the 
low-pressure combust;on chamber as sho-wn i n  Fig. 1. The Gart of  the  burner outside 
t h e  combustion chamber w a s  wrapped irith asbestos-covered nicbx-ome heating v i r e  and 
thermally insulated.  The p a r t  of t h e  burner ins ide  the chamber v a s  heated by a 
separate wrapping of nichrome. 
o m  tension i n  a w e l l  about 0.08 cm deep d r i l l e d  i n t o  the tube wall abcut 9.15 cn 
below the l i p .  The reading given by the thermocouple was taken t o  be the temper- 
a t u r e  of the  burner l i p .  
flame, was taken t o  be t h e  reading given by a bare wire thermocouple held at  the 
center  of the tube mouth, as shown i n  Fig. 1. 

5 

A chromel-alumel thermocoliple w a s  held under i t s  

The 'gas temperature, d e t e d n e d  onbj  i n  the  absence of a 

Procedure. - The absolute  gas temperature w a s  measured before and a f t e r  each 
short  s e r i e s  of flashback measurements; it was constant t o  k2 percent. 
was made with the small inner  heater.energized t o  p a r t i a l l y  simulate the  e f f e c t  of 
heating of the  burner l i p  by the  flame. The difference between gas temperatures 
measured with and without energizing of the  inner  heating c o i l  -#as never more than 
10' K. The gas temperature w a s  found t o  vary sonewhat v i t h  flow rate f o r  a given 
energy input,  decreasing s l i g h t l y  as flow changed from laminar TO turbulent .  'This 
decrease was overcome by adding a predetermined amount of energy i n  the  course of 
a s e r i e s  of flashback measurements. 

Measurement 

In measuring flashback, a s tab le  flame was establ ished a t  some pressure. The 
energy input  t o  the  small inner  heater w a s  then adjusted s o  t h 2 t  the lis tempera- 
t u r e  approximated t h e  gas temperature t o  within So t o  loo K .  
slowly increased, a t  constant mass flow, until the  flame f lashed  back'. 
h o t t e r  flame systems, heating of t h e  burner l i p  by the  flame was so grea t  that 
equal izat ion of gas and l i p  temperatures was possible  only f o r  very Mgh gas tem- 
peratures.  
( spec i f ica l ly ,  propane-oxygen-nitrogen a t  394' K) the  burner was joined t o  the 
combustion chamber with a brass  flange so that much of t h e  heat  f e d  t o  the  burner 
l i p  by the  flame was removed by conduction. I n  this case, the  difference between 
gas and l i p  temperatures was 30° K. 

The arcssure - a s  then 
For the 

To obtain r e s u l t s  f o r  h o t t e r  flames a t  lower i n i t i a l  temperatures 

Reduction of data. - A value of &, the  average stream veloc i ty  a t  flashback6, 
was computed from the  chamber pressure, P, burner diameter, I), temperature of m- 
burned gas, T and ncrminal volume flow r a t e  a t  1 atmosphere pressure, '@, by 

- Po T 4V0 u - - - -  
f - ? To flD2 , 

The superscr ipt  zero denotes conditions near 1 atmosphere and room temperature t o  
which ca l ibra t ions  of c r i t i c a l  flow or f ices ,  used i n  metering the gases, were 
referred.  

5. Fine, B.: 
6. The subscr ipt  "f" r e f e r s  t o  flashback conditions. 

NACA 'ITJ 3833 (1956). 
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For laminar flames, c r i t i c a l  boundary ve loc i ty  gradients f o r  flashback were 
computed by the expression used f o r  f u l l y  developed laminar flow7 

/ 

( 2 )  1 
8Ef 

Q f = D  
I 

For turbulent flames the expression ( r e f .  7, p. 297) / 

0 
m m 

'f 0.8 q(t) = 0.023 Ref 
~- * 

was used where R e f  i s  Reynolds number a t  flashback defined as 

t 
Here, p is  the  mixture density and p i t s  v iscos i ty .  I n  the  region of laminar- 
turbulent t r ans i t i on ,  c r i t i c a l  flashback gradients were computed as f o r  laminar 
flames. J u s t i f i c a t i o n  f o r  this procedure has been offered in a previous 
p u b l i ~ a t i o n . ~  

] 

RESULTS AND DISCUSSION , I  

Description of results. - Experimental data f o r  t he  fou r  flame systems studied 
a r e  shown i n  the  right-hand p a r t s  of Figs 2 t o  5. 
a r - ins t  log  P f o r  values of T from 394O up t o  660' K. Also shown are re su l t s  - 

obtained a t  room temperature; except f o r  ethylene-air ,  these r e s u l t s  were obtained 
i n  water-cooled burners.  Results f o r  hydrogen-air and ropane-oxygen-nitrogen 
flames at  room temperature had been reported p rev io~s$ ,~ ,10 ;  and a r e  shown as 
dashed l i nes  i n  Figs. 2 and 3. Results f o r  ethylene-air ,  nominally a t  roam tem- 
perature,  were c ross -p lo t ted  from the d a t a  of Garside, Forsyth and Townendll who 
used an  uncooled burner 1 cm in.  diameter. For each flame, d a t a  a r e  presented a t  
a s ing le  equivalence r a t i o  which was c lose  t o  the  equivalence r a t i o  giving the 
maximum value of gf. For hydrogen-air, 89 equivalence r a t i o  of 1.50 was chosen; 
fo r  ethylene-air ,  1.17; and f o r  propane-oxygen-nitrogen and ethylene-oxygen-nitrogen, 
1.00. Results f o r  tu rbulen t  flames a r e  shown f o r  two systems, hydrogen-air and 

Results a r e  p lo t t ed  as log  gf 

propane - oxygen-ni trogen-. 

Flashback curves a t  constant i n i t i a l  temperature show th ree  main regions f o r  
the  range of conditions shown i n  Figs. 2 t o  5: a laminar region f o r  Reynolds 
numbers l e s s  than about 1500, a t r a n s i t i o n  region between 1500 and about 2500, 
and a turbulent region for Reynolds numbers g rea t e r  than 2500. I n  the laminar 
and turbulent regions c r i t i c a l  boundary ve loc i ty  gradients f o r  flashback are de- 
pendent on both pressure  and i n i t i a l  temperature. 
pendence of 
vature i s  found i n  the p l o t s  of log gf aga ins t  log P a t  low Reynolds number, 
which i s  a t t r i b u t e d  t o  partial quenching of the  flame by the w a l l .  

The exponential pressure de- 
gfJ however, i s  near ly  independent of i n i t i a l  temperature. Some cur- 

This has been 

7. Lewis, and von Elbe: 

8. The symbol (t) denotes turbulen t  conditions. 
9. Fine, B.: NACA TN 3977, (1957). 
10. Fine, B.: NACA TN 4031, (1957). 
11. Garside, J. E.., Forsyth, J. S., and Townend, D. T. E.: 

Combustion Flames and Explosions. p. 279, Academic 
Press , New York, (1951). 

Jour. Ins t .  
Fuel, vol. 18, no. 103 (19451, pp. 175-185. 
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discussed i n  more d e t a i l  i n  a previous p ~ i b l i c z t i c n ~ .  
sometimes found f o r  turbulent f lvnes  a t  high i n i t i a l  t e m p r a t w e s .  '%is may be 
because the amount of addi t iona l  esergy.addeci a t  Ngh flows vas cor, s i l i f i c i en t  t o  
maintain the temperature at i t s  nomiaal value. 

A smll change i n  slope i s  

A t  the  beginning of the  t r ans i t i on  region (Figs.  2 .-nd z ) ,  the Czshback 
pressure a t  constant i n i t i a l  temperature goes thr3ugh B s l i g h t  -ximm, leve l s  
off and then remains constant with increasing Renoids  nzzber : m t i l  f l m e s  a r e  
f u l l y  turbulent.  
increasing i n i t i a l  temperature so  t ha t  Reynolds number of the mxiaum renains about 
constant. 

Tem era ture  de endence of laminar and turbulent flashback. - The var ia t ion  of 
gf i s  a:sumed t o  b: described by a r e l a t ion  of the form g,&Tb, so t h a t  a and 
b, taken t o  be constant, denote the  "dependence" of 
perature. Because the dependence of gf on i n i t i a l  temperature i s  near ly  inde- 
pendent of i t s  dependence on pressure, the c r i t i c a l  flashback gradient may be cross- 
p lo t ted  against  T a t  constant P. Logarithmic p l o t s  of t h i s , k i n d  a r e  shown on the 
left-hand side of Figs. 2 t o  5 f o r  both laminar and turbulent f lanes .  (?roe points 
sham i n  these cross-plots a r e  not experimental, bu t  were taken from the  smooth 
curves which describe gf as a function of P.) Tne p l o t s  show no curvature and 
only s l i g h t  s ca t t e r .  Values fo r  the exponents which describe the tenperature de- 
pendences found a re  shown i n  t ab le  I. 

The flashback pressure a t  t?:e m x b u  increases s i i g h t l y  v i t h  

gf on pressure and init ial  tem- 

Two general fea tures  of the cross-plots should be noted. F i r s t ,  i f  one ex- 
tends the l ines  describing gf as a function of temperature t o  1o;rer values of T 
it is found that vaiues of 

i n i t i a l  temperatures of about 300' K.  
elevated i n i t i a l  temperatures a re  'consistent Kith those obtained by varying pressure 
a t  ro? temperatwe. 
respond t o  a s l i g h t l y  higher i n i t i a l  temperature, about 340' K. 
with the general observation that heating of the burner l i p  increases 
Second, the temperature dependence of the c r i t i c a l  flashback gradient i s  the same, 
within experimental e r ror ,  f o r  both Laminar and turbulent flames. 
proportional t o  e ( t )  over a sange of T. By judiciously extrapolating p lo t s  of 
log gf versus log P one may estimate the coef f ic ien t  of proportionali ty;  a value 
of about 2.S t o  3 i s  found. 
gradient with turbulence have been observed by others,  notably Wohll?, Bollinger 
and Easel, and Boyer and F r i e b e r t ~ h a u s e r l ~ .  

gf on i n i t i a l  temperatme and flame temperature. - The f i r s t  
column of tab le  I shows the-dependence of 
systems studied i n  t h i s  investigation. The numbers shown are averages of laminar 
and turbulent values. In addition there is shown the  dependence on i n i t i a l  tem- 
perature obtained from the data of Grumer and Harris3 f o r  methane-air. 
that (a In g f p  In T)P 
sidered, generally decreasing Kith increasing gf f o r  hydrocarbon flames. For the 
most reac t ive  flames considered, those of propane-oxygen-nitrogen and ethylene- 

gf obtained i n  water-cooled burners correspond t o  

Thus, data obtained by varying gressure a t  

The data obtained f o r  ethylene-air  i n  an uncooled burner cor- 
This i s  consistent 

~f ( r e f .  1). 

Thus, gf i s  

Increases of t h i s  magnitude i n  the  c r i t i c a l  flashback 

Dependence of 

gf on i n i t i a l  temperature for  the  four 

It is  seen 
var ies  by more than a factor of two among the flames con- 

12. Wohl, K.: Fourth Symposium ( In te rna t iona l )  on Combustion. The Williams 

13. Boyer, M. H., and Friebertshauser, P. E.: 
and Wilkins Co., (Baltimore), pp. 68-39 (1953). 

no. 3, 195%, p. 264. 
Combustion and F l p e .  .Vol. 1, 



oxygen-nitrogen, gf 
mass flow rate a t  f lashback i s  near ly  independent of i n i t i a l  temperature. 

i s  near ly  proportional t o  the f i r s t  power of T, so t h a t  the  

Since gf may be considered t o  be a measure of the mean react ion time, an ex- 
pression of the  form a ln(g$)/a(l/Tb), where A i s  the f u e l  concentration in 
moles per u n i t  volune, should give a4 Arrhenius-type dependence of the  mean flame 
reac t ion  rate on flame temperature, 'I),. 
experimental var iable ,  t h e  dep9ndence may be expressed as 

I f  t h e  i n i t i a l  temperature, T, i s  the  only 2 
2 

-. 

(5) 

For methane-air flames, (a  ~n Tb/a ~n T)~, based on calculated flame temperatures 
i s  about 0.1Z4 a t  an equivalence r a t i o  of 1.22. 
0.088 i s  obtained4 a t  an equivalence r a t i o  of 1.17. 
of ( a  In gf/a In  T)P  from t a b l e  I gives "act ivat ion energies" of about 45 kcal/mole 
f o r  methane-air and 31 f o r  ethylene-air 
( a  ~n Tb/a ~n T ) ~  = 0.12 a t  cp = l.501* i s  about 19. For hydrocarbons burning i n  
50 percent oxygen, both (a  ~n Tb/a ~n T)p15 and 
s u f f i c i e n t l y  c lose t o  zero t h a t  experimental uncertainty makes evaluation of Eq. (5) 
impossible. 

For ethylene-air ,  a value of about 
Evaluation of Eq. (5) i n  terms 

The value f o r  hydrogen-air, based on 

a r e  [ ( a  In  gf/a ~n T ) ~  - 11 

Relation of temperature dependence of laminar flashback t o  other  propert ies  
of burner flames. - For many flame systems t h e  r e l a t i o n  

has been observed5J16 vhere t$, i s  the burning veloci ty ,  Dq the  quenching a s -  
tance and Cl a c o e f f i c i e n t  which increases  s l i g h t l y  with increasing gf. The 

form of Eq. (6) follows from consideration of 
reac t ion  time. 

gf 
A second r e l a t i o n  which has 'been observed among burner flames isl7 

as a measure of the  mean flame 

Here C2 depends on t h e  i n i t i a l  mixture and a* i s  a quantity defined as 

a* = (i?-)b 

(7)  

where (x/cp)b 

r e f e r s  t o  t h e  flame zone, bu t  t h e  density,  p, r e f e r s  t o  i n i t i a l  conditions.  

14. Heimel, S.: NACA TN 4156 (1957). 
15. Dugger, G. L., and Graab, D. D.: 

16. Berlad and P o t t e r :  

17. Po t te r  and Berlad: NACA TN 3882 (1956). 

t h e  quot ient  of thermal conductivity by heat capacity per u n i t  mass, 

Fourth Symposium (Internat ional)  on 
Combustion, P. 302, The W i l l i a m s  and Wilkins Co., Baltimore (1953). 

Combustion and.Flame, vol. 1, no. 1, (1956) 
pp. 127-128. 
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On combining Eqs. (6).and ( 7 )  so as t o  eliminate Dq, one obtains  

The quant i ty  
flame, y,, by the r e l a t i o n  

a* may be re la ted  t o  the  thermal d i f f u s i r i t y  associated ‘*ith the  

a* = .(?> 
so that equation ( 9 )  becomes 

f = (Z) 0% (:) (11) 

One may express the densi ty  r a t i o  i n  terms cf the i d e a i  gas Lad, 
(pb/p) = (%/M)(T/Tb), where M i s  the molecular -..rei@, z d  &:forentiate E;%. (11) 

logarithmically with respect  t o  i n i t i a l  temperature f o r  a s ingle  f-e at constant 
pressure. If (C2/Ci) is  assiuned constant17 and the  smll chazge of  !Q i s  neglected, 
there  r e s u l t s  

(i2) 

Eq. (12.) expresses the  f a c t  that Uz/gp, var ies  v i t h  i n i t i a l  tenperatur$ t o  a gower 
V I  

s l i g h t l y  grea te r  than one, the excess being given by 

This quant i ty  has been calculated by Eq. ( i 2 )  with use of numerical values given i n  
t a b l e  I, and, as shown i n  t h a t  t ab ie ,  i s  found t o  be of The orLer of a few tenths .  
T h i s  r e s u l t  i s  consis tent  with the  findicgs of Pot te r  and Berlad, k-ho exmined t h e  
var ia t ion  with in i t ia l  temperature and flame temperatilre of a dimension&ily s?bi la3p  

group, the  product %Dq17. 

Comparison of laminar and turbulent  flashback. - A t  constant burner d i m e t e r ,  
Eq. (3)  may be expressed as 

where w i s  the exponential dependence of v i scos i ty  on gas temperature. Logarir.5- 
mic d i f fe ren t ia t ion  at  constant pressure gives 

The f a c t  that c r i t i c a l  boundary veloci ty  gradients f o r  both laminar and turbulent  
flashback show the same dependence on i n i t i a l  temperature implies that the  tenper- 
ature dependence of the  mean stream veloci ty  a t  flashback w i l l  be d i f f e r e n t  f o r  
laminar and turbulent flames. hlOgGUS differences e x i s t  between exponents on 
pressure and burner diameter at constant i n i t i a l  t e m p e r a t ~ r e ~ , ~ ~ .  



It has been noted t h a t  t he  c r i t i c a l  boundary ve loc i ty  gradient fo r  flashback at 
constant pressure and i n i t i a l  temperature increases three-fold Kith change from 
laminar t o  tu rbulen t  conditions.  
t h a t  tu rbulen t  f lashback takes place i n  t h a t  portion of the  boundary layer  where 
conditions a r e  e s s e n t i a l l y  laminar . Thus, i f  gf i s  expressed as = %/a, 
where 6 i s  the  so-ca l led  penetratioli  distance,  the c r i t i c a l  burning velocity ub 
w i l l  remain constant wi th  t r a n s i t i o n  t o  turbulence, but t he  penetration distance 
w i l l  decrease by a f a c t o r  of about 3. 

This increase may be explained on the assumption 

Evidence has been obtained from measurements a t  roam temperature t h a t  a turbu- 
l e n t  flame a t  flashback i s  s t a b i l i z e d  i n  a near-laminar portion of the boundary 
layer.  
boundary layer  f o r  which conditions a re  e s sen t i a l ly  laminar, Uc, i s  greater a t  
flashback than t h e  normal iaminar burning ve loc i ty  a t  a given p r e s ~ u r e ~ , ~ o .  
i s  given, approximately, by the  expression 

This has been done by showing that the  maximum stream ve loc i ty  i n  the 

Uc,f 

U = 0.75 ffRef0” 
c,f 

obtained empirically from measurements of ve loc i ty  p r o f i l e s  i n  tubes1%.. 
ve r i f i ca t ion  that UCtf  >Ub 
comparing values of Uc 
burning ve loc i t i e s  obtained by Heimell*. 

Similar 
a t  elevated i n i t i a l  temperatures may be obtained by 

f o r  hydrogen-air flames near one atmosphere pressure with 

i The decrease i n  pene t ra t ion  distance Kith turbulence can be made plausible by 
the  following considerations.  For a laminar flame, the coe f f i c i en t  governing heat 
t r ans fe r  f r o m  the  flame t o  t h e  cold w a l l  i s  nearly constant ( i t s  dependence on tem- i 
perature being neglected) and the  temperature p r o f i l e  nearly l i nea r .  For a flame 
s t a b i l i z e d  i n  a f i e l d  of turbulence which decays toward the  wall, such as that 4 
which i s  found i n  the  boundary layer  f o r  turbulent pipe flow, the coef f ic ien t  for  
heat t r ans fe r  i s  not cons tan t ,  but increases inward from the wall toward the tu r -  
bulent core. 
t h e  w a l l  and a f l a t t e n i n g  a t  l a rge r  distances.  
t rue  pene t ra t ion  d i s t ance  a t  flashback were r i g i d l y  defined i n  terms of the normal 
burning ve loc i ty  and flame temperature, the flame could not take any advantage of 
t he  change i n  hea t  t r a n s f e r  t o  the w a l l .  I f ,  however, t he  t rue  penetration dis- 
tance were measured out  t o  a point where the  flame temperature was s l igh t ly  l e s s  
than normal, because of i nc ip i en t  cooling by the wall, the  flame could take ad- 
vantage of the  steepening of the  temperature gradient so  a s  t o  penetrate much 
c loser  t o  the wall. 
main body of t h e  Plame t o  b r ing  about t he  c loser  penetration would have no pe r -  
cep t ib le  e f f e c t  on the  flame as a whole. The r e s u l t  would be, then, t h a t  the tem- , 

perature gradient f o r  t h e  turbulen t  flame would be s teeper  than f o r  a laminar flame 
an? t h e  pene t ra t ion  d i s t ance  would be l e s s ,  even though the r a t e  of heat t ransfer  ‘ 

from the flame as a whole would be grea te r .  A r e l a t ion  between the change in  pene- 4 
t r a t i o n  d is tance  and t h e  change i n  the ac tua l  dead space a t  the  wall i s  shown i n  
Fig. 6. The temperature Te i s  s l i g h t l y  l e s s  than the normal flame temperature ’ 

‘I),, but  probably considerably grea te r  than Tq, the  lowest temperature a t  which the 
flame can be maintained. 
curvature i n  t h e  temperature p r o f i l e  i s  a maximum. In any event, we assume that 
it defines the  pene t ra t ion  distance.  Then the temperature Tq defines the dead 
space. 
a decrease , in pene t ra t ion  d is tance  i s  equivalent t o  a similar decrease i n  dead 
space. 

This causes a steepening of the  temperature gradient very close t o  
This is  shown in Fig. 6.  If the 

, 
I 

It i s  presumed that the  quantity of heat withdrawn from the 
\ 

It i s  possibly r e l a t ed  t o  the temperature f o r  which the 

It can be seen from the  sketch t h a t  the two a re  r e l a t ed  t o  the extent that 

18. Schlichting, H.: Boundary Layer Theory. 14cGraw-IIill Book Co., Inc., 
N e w  York, (1955), p. 405. 



8 
CONC WS I O P E  

1. The dependence of 
system. 
pendent of i n i t i a l  temperature. 

gf on i n i t i a l  temperature var ies  wit5 the  fuel-oxidant 
For reac t ive  hydrocarbon flames the mass flow a t  flashback i s  near ly  inde- 

2. The var ia t ions of gf and g f ( t )  with i n i t i a l  temperature a r e  t i e  sane f o r  

a s ingle  flame system. 
stream ve loc i t ies  a t  flashback i s  s igni f icant ly  d i f f e r e n t  f o r  laminar snd tclrbuleit  
flames. 

Therefore, the dependence on i n i t i a l  teaperatare  of nean 



W3LE I. - EFFECT OF INITIAL TEMPERATURE ON FLASHBACK OF BURNEB FL4MFS 

System 

CH4-air  

C2H4-air 

C3Hg-O2-ll2 

CzH4-02-Nz 

HZ-air 

lata 

Ref. 3 

Fig. 4 

Fig. 3 

Fig. 5 

Fig. 2 

2.27 

1.59 

1.02 

1.07 

1.52 

energy, 
kcal/mole 

%. 89 
( r e f .  4) 

'1.45 
(ref. 4) 

1.06 
( r e f .  13) 

---_-_-__ 
1.44 

( r e f .  12) 

I 

0.51 

.31 

.10 

!Exponent obtained by disregarding data below room temperature. 
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Fig. 1. - Burner head. 
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